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Carbon-coated  monoclinic  Li3V2(P04)3  (LVP/C)  cathode  materials  are  successfully  prepared  via  a 
polyvinylpyrrolidone  (PVP)-assisted  sol-gel  method.  LVP/C  composites  are  investigated  by  X-ray  diffrac¬ 
tion  (XRD),  X-ray  photoelectron  spectroscopy  (XPS),  scanning  electron  microscopy  (SEM),  high-resolution 
transmission  electron  microscopy  (HR-TEM)  and  electrochemical  methods.  The  results  indicate  that  the 
sample  synthesized  with  9  wt%  PVP  is  coated  with  a  carbon  layer  in  a  thickness  of  about  12  nm,  which 
presents  excellent  rate  capability  and  good  cyclic  performance.  In  the  potential  range  of  3.0-4.3V,  it 
shows  a  capacity  of  127.2  and  115.1  mAhg-1  at  1  and  IOC,  respectively.  Even  at  discharge  rate  of  20 C, 
it  still  has  81.8 mAhg-1  with  10.7%  capacity  loss  after  120  cycles.  The  lithium  diffusion  coefficient  of 
the  as-prepared  material  is  in  the  order  of  10-8  cm2  s-1.  Our  experiment  results  demonstrate  that  the 
LVP/C  composites  prepared  via  a  PVP-assisted  sol-gel  method  can  be  an  attractive  candidate  as  cathode 
materials  in  high-power  lithium-ion  batteries. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  lithium  metal  phosphates,  which  are  considered  as 
new  generation  of  cathode  materials  for  lithium-ion  batteries, 
have  attracted  much  research  interest,  such  as  orthorhombic 
LiFeP04  and  monoclinic  Li3V2(P04)3  [1,2].  Among  them,  mono¬ 
clinic  Li3V2(P04)3  is  a  potential  cathode  material  due  to  its  high 
ionic  diffusion  coefficient,  high  operating  voltage,  high  theoretical 
capacity  (197  mAhg-1)  and  high  safety  performance  [3-6]. 

However,  Li3V2(P04)3  has  an  intrinsic  low  electronic  conductiv¬ 
ity  (2.4 x  10-7 Son-1  at  room  temperature),  which  largely  limits 
its  rate  performance  [7].  In  order  to  overcome  this  restriction, 
various  approaches  have  been  used,  including  alien  metal  dop¬ 
ing  [8-10]  and  coating  with  electronically  conductive  agents,  such 
as  carbon  [4,11-16]  and  Ag  [17].  Carbon  coating,  which  is  usu¬ 
ally  realized  by  introducing  an  organic  precursor  in  the  starting 
materials,  is  regarded  as  an  effective  way  to  improve  the  conductiv¬ 
ity  of  Li3V2(P04)3.  Further,  the  residual  carbon  from  the  pyrolysis 
of  the  organic  precursor  can  also  provide  a  network  to  limit  the 
agglomeration  of  the  Li3V2(P04)3  particles  and  suppress  particle 
growth  during  synthesis  process.  Further  reducing  particle  size 
would  improve  the  rate  capability  of  the  Li3V2(P04)3  electrode  due 
to  the  decrease  of  lithium  ion  diffusion  and  electron  transportation 
distances  [14]. 
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The  effectiveness  of  surface  carbon  depends  on  the  carbon 
sources  and  synthetic  routes  [18,19].  Recently,  Qiao  et  al.  [20] 
synthesized  Li3V2(P04)3/C  by  a  carbon-thermal  reduction  method 
using  polyvinyl  alcohol  as  a  carbon  source.  Yuan  et  al.  [21  ]  reported 
a  fast  sol-gel  method  based  on  spontaneous  chemical  reactions 
to  prepare  Li3V2(P04)3/C,  which  exhibited  outstanding  electro¬ 
chemical  performances.  Polyvinylpyrrolidone  (PVP),  known  as  a 
non-ionic  surfactant,  is  a  perfect  carbon  coating  source.  When  it  is 
dissolved  in  water,  the  polarity  of  the  water  can  be  reduced,  which 
results  in  homogeneous  distribution  of  carbon  [22].  In  addition,  PVP 
has  excellent  wetting  properties  and  readily  forms  films  in  solution 
so  that  smooth  and  homogeneous  carbon  coating  can  be  formed 
during  sintering  process.  However,  no  studies  have  yet  reported 
about  the  synthesis  of  LVP/C  by  a  PVP-assisted  sol-gel  method. 

In  this  work,  we  firstly  introduced  a  PVP-assisted  sol-gel 
method  to  synthesize  LVP/C  composites  and  investigated  the  struc¬ 
ture  and  electrochemical  performances  (especially  the  high-rate 
capability)  of  the  material.  The  lithium  ion  diffusion  coefficient 
of  as-prepared  LVP/C  composite  was  also  investigated  by  cyclic 
voltammetry  (CV)  method. 

2.  Experimental 

LVP/C  composites  were  synthesized  via  a  PVP-assisted  sol-gel 
route,  using  V205,  NH4H2P04,  Li2C03,  oxalic  acid  and  PVP  as  start¬ 
ing  materials.  All  the  starting  materials  were  of  analytical  grade  and 
used  as  received.  Oxalic  acid  was  used  as  a  reducing  agent,  and  PVP 
was  used  as  a  chelating  reagent  and  carbon  source.  Firstly,  V205 
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and  oxalic  acid  in  a  mol  ratio  of  1 :3  were  dissolved  in  deionized 
water  under  magnetic  stirring  at  70  °C  until  a  clear  green  solu¬ 
tion  was  formed,  and  then  a  mixture  of  stoichiometric  amounts  of 
NH4H2P04  and  Li2C03  were  added  to  the  solution.  Subsequently, 
aqueous  solution  of  appropriate  amount  of  PVP  (4,  9  and  13wt%, 
labeled  as  the  LVP/C4,  LVP/C9  and  LVP/C1 3,  respectively)  was  added 
slowly  to  the  above  solution  with  stirring.  The  mixture  was  contin- 
uingly  stirred  at  70  °C  to  remove  the  excess  water  so  that  a  gel 
was  obtained.  Then,  the  obtained  gel  was  dried  at  80  °C  in  an  air 
oven  and  pre-heated  at  350  °C  for  4  h  under  Ar  atmosphere.  Finally, 
the  pre-heated  material  was  ground  and  sintered  at  750  °C  for  8h 
under  Ar  flow  to  yield  Li3V2(P04)3/C  composites.  For  comparison, 
the  Li3  V2(P04  )3  without  PVP  was  prepared  in  the  same  way,  labeled 
as  the  LVP. 

X-ray  diffraction  (XRD)  measurement  was  carried  out  on  a 
RigaKu  D/max2550VB+  18kW  using  graphite-monochromatized 
Cu  Ka  radiation  (40  kV,  250  mA).  X-ray  photoelectron  spectroscopy 
(XPS)  was  performed  with  a  K-Alpha  1063  type  analyzer  with 
monochromatic  Al  Ka  radiation  (Electrophysics,  Britain)  to  eval¬ 
uate  the  oxidation  states  of  elements  in  Li3V2(P04)3/C  composites. 
The  particle  morphology  was  observed  by  a  JSM-6360-LV  scanning 
electron  microscopy  (SEM)  and  a  JEM-2010  transmission  electron 
microscope  (TEM).  The  content  of  carbon  was  determined  by  C-S 
800  infrared  carbon-sulfur  analyzer.  Electronic  conductivity  mea¬ 
surements  were  carried  out  by  four-point  probe  method  using  an 
RTS-9  Digital  Instrument. 

Electrochemical  performance  of  the  Li3V2(P04)3/C  composites 
were  investigated  using  CR2016  coin-type  cell  with  a  metallic 
lithium  foil  served  as  the  anode.  The  cathode  membrane  was 
fabricated  by  mixing  the  LVP/C  composite,  acetylene  black  and 
polytetrafluoroethene  (PTFE)  in  the  weight  ratio  of  80:10:10  to 
form  homogeneous  slurry.  The  slurry  was  then  cast  onto  an  alu¬ 
minum  foil,  and  the  coated  electrodes  were  dried  at  120°C  for 
12  h  in  vacuum.  The  cathode  and  lithium  foil  anode  were  sepa¬ 
rated  by  a  polypropylene  micro-porous  film  (Celgard  2300).  The 
electrolyte  was  1  M  LiPF6  in  a  mixture  of  EC-DMC-DEC  (volume 
ratio  of  1:1:1).  The  coin  cells  were  assembled  in  an  argon-filled 
glove  box  (Mbraun,  Unilab,  Germany).  The  charge-discharge  mea¬ 
surements  were  conducted  on  Land  battery  test  system  (Wuhan, 
China)  at  room  temperature  between  3.0  and  4.3  V  (vs.  Li/Li+).  Cyclic 
voltammetry  tests  were  carried  out  on  three-electrode  cell  on  CHI 
660C  (Shanghai,  China)  electrochemical  workstation  at  room  tem¬ 
perature  in  the  potential  range  of  3.0-4.3  V  (vs.  Li/Li+). 


3.  Results  and  discussion 

3.1.  Sample  preparation  and  characterization 

The  XRD  patterns  of  the  Li3V2(P04)3/C  composites  synthesized 
with  different  PVP  contents  are  shown  in  Fig.  1.  It  can  be  clearly 
seen  that  all  the  XRD  patterns  of  these  samples  are  similar.  All  the 
diffraction  lines  can  be  assigned  to  a  single  phase  of  Li3V2(P04)3 
and  indexed  well  as  monoclinic  structure  with  the  space  group  of 
P21/n,  which  are  consistent  with  the  previous  reports  [4,5,23].  There 
is  no  evidence  of  diffraction  peaks  for  carbon  generated  from  PVP 
due  to  the  amorphous  state  of  the  carbon  or  the  low  carbon  con¬ 
tent  in  these  composites,  which  does  not  influence  the  crystalline 
structure  of  Li3V2(P04)3. 

Taking  the  XPS  patterns  of  LVP/C9  as  representation,  the  oxi¬ 
dation  states  of  the  elements  in  LVP/C  are  shown  in  Fig.  2a.  All 
elements  in  Li3V2(P04)3/C  can  be  confirmed  using  XPS  analysis, 
including  O  1  s,  V  2p,  C 1  s,  P  2s,  P  2p  and  Li  1  s.  Fig.  2b  shows  the  V  2p 
XPS  core  level.  The  V  2p  XPS  core  level  fits  to  a  dominant  single  peak 
with  a  binding  energy  of  516.8  eV.  Hence  it  can  be  concluded  that 
the  oxidation  state  of  V  in  the  Li3V2(P04)3/C  composite  is  V3+  [8]. 
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Fig.  1.  XRD  patterns  of  LVP,  LVP/C4,  LVP/C9  and  LVP/C13. 


In  Fig.  2c,  the  C 1  s  spectrum  at  BE  value  of  284.6  eV  is  corresponded 
to  sp2  C— C  bonds  [24],  indicating  that  PVP  was  decomposed  into 
carbon  during  the  calcinations.  However,  the  lithium  peak  at  a  bind¬ 
ing  energy  of  55.2  eV  is  much  weaker.  The  possible  reason  is  that 
the  sensitivity  of  the  equipment  is  not  high  enough  to  detect  this 
lithium  peak  [25]. 

Fig.  3  shows  the  SEM  images  of  the  as-synthesized  powders  pre¬ 
pared  with  different  PVP  contents.  In  Fig.  3a,  the  particle  size  of  the 
sample  synthesized  without  PVP  is  obviously  larger  than  those  of 
samples  synthesized  with  PVP  (Fig.  3b-d),  which  indicates  that  the 
presence  of  PVP  in  the  precursor  has  a  notable  effect  on  the  mor¬ 
phology  and  particle  size  of  the  materials  during  sintering.  Apart 
from  fine  particles,  some  relatively  large  clusters  are  existed  in 
Fig.  3a.  When  the  PVP  content  increases  to  4  wt%  (Fig.  3b),  the  par¬ 
ticle  size  is  smaller  with  some  small  clusters,  which  means  that  the 
distribution  of  the  carbon  is  still  not  homogeneous.  It  can  be  clearly 
seen  in  Fig.  3c  that  an  increase  in  the  amount  of  9  wt%  PVP  results  in 
much  smaller  particle  size  with  relatively  minimal  agglomeration. 
In  particles  with  smaller,  uniform  and  well-dispersed  particle  size, 
it  is  believed  to  be  advantaged  to  the  electrochemical  performance 
of  Li3  V2(P04)3/C  composites  for  it  can  provide  short  diffusion  paths 
and  fast  diffusion  rates  along  their  grain  boundaries.  In  Fig.  3d, 
though  there  is  a  further  decrease  in  the  particle  size,  the  agglom¬ 
eration  is  serious  in  the  case  of  13  wt%  PVP. 

In  order  to  check  the  carbon  configuration  on  the  surface  of  the 
Li3V2(P04)3  particles  and  understand  fully  about  the  microstruc¬ 
ture  of  the  composite,  TEM  analysis  of  the  Li3V2(P04)3/C  particles 
was  conducted.  It  can  be  seen  that  the  LVP/C9  particle,  which  has 
several  hundred  nanometers  in  size,  is  coated  with  a  uniform  amor¬ 
phous  carbon  layer  in  a  thickness  of  about  12nm  (Fig.  4c  and  d). 
The  network  formation  of  carbon  appears  in  the  interstitial  grain¬ 
boundary  region,  which  can  inhibit  the  growth  of  the  Li3V2(P04)3 
grain  and  provide  good  contact  between  the  particles.  In  Fig.  4a  and 
b  the  thickness  of  the  carbon  coating  on  the  LVP/C4  and  LVP/C13 
particles  is  about  7  and  20  nm,  respectively.  Furthermore,  it  can  be 
clearly  seen  in  Fig.  4b  that  multilayer  carbon  coating  with  irregular 
shape  tightly  wraps  around  the  LVP  particles.  According  to  the  ele¬ 
mental  analysis,  the  carbon  content  of  LVP/C4,  LVP/C9,  LVP/C13  is 
0.98,  2.05  and  3.48  wt%,  respectively.  The  above  microstructure  of 
amorphous  carbon  coating  layer  is  believed  to  have  a  major  influ¬ 
ence  on  the  rate  capacity  [26,27]. 

3.2.  Electrochemical  performance 

To  further  understand  the  effect  of  PVP  addition  on  the  elec¬ 
trochemical  performance  of  the  Li3V2(P04)3/C  composite,  the  rate 
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Fig.  2.  XPS  spectra  of  LVP/C9  (a),  XPS  core  level  of  V  2p  (b)  and  C  Is  (c). 


capability  in  the  potential  range  of  3.0-4.3V  is  shown  in  Fig.  5. 
It  can  be  obviously  seen  that  the  rate  capability  of  the  PVP 
added  Li3V2(P04)3/C  composites  is  much  better  than  that  of  the 
Li3V2(P04)3  synthesized  without  PVP.  The  LVP/C9  exhibits  the 


best  rate  capability.  Its  discharge  capacity  slightly  decreases  from 
1 3 1.4  mAh  g-1  at  0.2  C  to  118.1  mAh  g-1  at  5  C.  After  30  cycles,  the 
capacity  retention  of  the  LVP/C9  is  98.9%  (116.8  mAh  g-1)  at  5C, 
indicating  its  good  cycling  performance.  Furthermore,  a  capacity 


Fig.  3.  SEM  images  of  LVP  (a),  LVP/C4  (b),  LVP/C9  (c)  and  LVP/C13  (d). 
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Fig.  4.  HRTEM  images  of  LVP/C4  (a),  LVP/C13  (b)  and  LVP/C9  (c  and  d). 


of  128.6  mAh  g_1  can  be  still  obtained  when  the  rate  returns  to 
0.2  C  again  after  100  cycles,  exhibiting  the  excellent  reversibility 
of  the  composite.  In  contrast,  the  LVP/C4  and  LVP/C13  have  lower 
discharge  capacity  at  5C,  which  is  80.1  and  94.4  mAh  g-1,  respec¬ 
tively.  The  reasons  may  be  as  follows.  For  LVP/C4,  the  lower  content 
of  PVP  in  its  synthesis  is  not  enough  for  getting  the  material  with 
fine  particles.  The  large  particle  size  may  be  the  major  reason  for 
its  lower  capacity  rate.  For  LVP/C13,  the  active  material  content 
is  relatively  decreased  with  the  increase  of  carbon  content,  which 
results  in  the  lower  capacity.  As  its  rate  capability  is  concerned,  the 
particle  size  and  the  thickness  of  carbon  coating  layer  are  the  signif¬ 
icant  factors  determining  the  kinetics.  The  LVP/C9  has  fine  particle 
size  and  optimal  carbon  coating  thickness,  which  result  in  its  better 
rate  capability.  Whereas,  the  relatively  large  particle  size  of  LVP/C4 
(seen  in  Fig.  3b)  and  too  thick  carbon-coating  layer  of  LVP/C1 3  (seen 
in  Fig.  4b)  are  both  impeding  factors  for  the  diffusion  of  lithium  ion, 
which  cause  a  relatively  large  resistance  [28,29]. 

To  further  affirm  the  electrochemical  kinetics  of  LVP/C,  the 
high  rate  charge-discharge  and  cyclic  voltammetry  tests  were 
conducted.  Fig.  6  shows  the  charge-discharge  curves  and  cyclic 
performance  of  LVP/C9  at  different  rates  in  the  potential  range 


Fig.  5.  The  rate  capacity  of  Li3V2(P04)3/C  composites  synthesized  with  0-13  wt% 
PVP  in  the  potential  range  of  3.0-4.3  V. 


of  3.0-4.3V.  It  can  be  clearly  seen  in  Fig.  6a  that  at  1  C  the 
curve  exhibits  three  charge  flat  plateaus  and  correspondingly  three 
discharge  ones,  which  are  identified  as  the  two-phase  transi¬ 
tion  processes  during  the  electrochemical  reactions  [3-6].  The 
Li3V2(P04)3/C  composite  exhibits  excellent  rate  capability  with 


Fig.  6.  The  charge-discharge  curves  and  cyclic  performance  of  the  LVP/C9  in  the 
potential  range  of  3.0-4.3  V. 
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Fig.  7.  CV  curves  of  Li3V2(P04)3/C  composites  synthesized  with  0-13  wt%  PVP  at 
0.1  mVs-1  in  the  potential  range  of  3.0-4.3V  (a),  CV  curves  of  LVP/C9  at  various 
scanning  rates  (b)  and  peak  current /p  as  a  function  of  square  root  of  scan  rate  v1/2  (c). 


the  discharge  capacities  of  127.2,  122.9,  118.3,  115.1,  98.6  and 
81.8  mAh  g_1  at  the  rate  of  1,  2,  5,  10,  15  and  20  C,  respec¬ 
tively.  A  good  cycling  capability  of  LVP/C9  can  be  seen  in  Fig.  6b 
with  8.2%,  9.9%  and  10.7%  capacity  loss  after  120  cycles  at  the 
rate  of  10,  15  and  20  C,  respectively.  The  high- rate  capacity  and 
excellent  cycling  capability  could  be  attributed  to  the  enhanced 
electronic  conductivity  of  the  material  as  a  result  of  the  carbon 
coating  layer  in  situ  formed  on  the  surface  of  the  particles  (seen 
in  Fig.  4c  and  d).  Further,  the  carbon  coating  can  decrease  the 


charge-transfer  impedance  [30].  Electronic  conductivity  measure¬ 
ment  illustrates  that  the  electronic  conductivity  of  the  LVP/C9  is 
2.58  x  1 0-2  S  cm-1  at  300  K,  which  is  much  higher  than  that  of  pure 
Li3V2(P04)3. 

Cyclic  voltammogram  test  is  an  effective  method  to  research 
the  kinetics.  The  initial  CV  curves  of  the  Li3V2(P04)3/C  compos¬ 
ites  between  3.0  and  4.3  V  at  a  scan  rate  of  0.1  mVs-1  are  shown 
in  Fig.  7a.  All  the  electrodes  present  three  couples  of  oxidation 
and  reduction  peaks  in  the  potential  range  of  3. 0-4.3  V.  It  can  be 
seen  from  Fig.  7a  that  the  curves  have  the  same  shape,  which  indi¬ 
cates  the  similar  redox  behavior  in  the  electrodes.  As  for  cyclic 
voltammogram,  the  potential  interval  between  anodic  peak  and 
cathodic  one  is  an  important  parameter  to  evaluate  the  electro¬ 
chemical  reaction  reversibility.  In  Fig.  7a,  the  CV  curve  of  LVP/C9 
electrode  has  the  narrowest  separation  between  the  anodic  peak 
and  the  cathodic  one.  It  suggested  that  the  LVP/C9  electrode  showed 
the  best  electrochemical  reversibility  and  the  electrode  reaction 
was  improved  by  carbon  coating,  indicating  its  excellent  kinet¬ 
ics.  The  carbon  coating  layer  is  not  necessarily  related  to  the  best 
electrochemical  reversibility,  but  the  too  thick  of  carbon  layer  may 
result  in  the  polarization  of  electrode.  But  it  still  should  be  pointed 
out  that  the  electrochemical  performances  of  Li3V2(P04)3/C  com¬ 
posites  are  better  than  that  of  LVP.  The  CV  measurement  is  also 
widely  used  to  investigate  the  apparent  diffusion  coefficient  of 
lithium  ion  [12,31].  Fig.  7b  shows  the  CV  curves  of  the  LVP/C9 
at  various  scan  rates  in  3.0-4.3V.  With  the  scan  rate  increases, 
the  peak  current  increases,  meanwhile  the  cathodic  and  anodic 
peaks  move  to  lower  and  higher  potentials,  respectively,  which 
indicates  the  irreversibility  of  the  electrochemical  reactions  due 
to  the  electrode  polarization  at  larger  scan  rates.  Flerein,  the  clas¬ 
sical  Randles-Sevchik  equation  for  a  semi-infinite  diffusion  of  Li+ 
into  Li3V2(P04)3  can  be  applied.  The  formula  can  be  written  as 
[32]: 

Ip  =  2.69  x  105n3/2/\D'/2C0u1/2  (1) 

where  Ip  is  the  peak  current  (A),  n  is  the  charge-transfer  number,  A 
is  the  active  surface  area  of  the  electrode  (0.64  cm2),  D  is  the  diffu¬ 
sion  coefficient  of  the  Li+  ion  (cm2  s-1),  Co  is  the  concentration  of 
Li+,  v  is  the  scan  rate  (V  s-1 ).  The  CV  curves  are  composed  of  three 
redox  couples  which  are  labeled  as  a/a',  b/b'  and  c/c',  respectively. 
In  this  work,  we  select  the  peaks  c  and  c',  which  are  single  peak 
in  the  CV  curve,  to  calculate  the  D  values  according  to  formula  (1). 
As  shown  in  Fig.  7c,  Ip  is  indeed  proportional  to  u1/2  confirming 
a  diffusion-controlled  behavior.  From  the  slope  of  Ip  vs.  u1/2,  the 
apparent  diffusion  coefficients  Dc  (c  peak)  and  Dc/  (c'  peak)  could 
be  calculated  to  be  5.74  xlO-8  and  6.43  x  10-8  cm2  s-1,  respec¬ 
tively.  The  D  values  at  these  redox  peaks  are  very  close,  indicating 
excellent  reversibility  of  the  material. 


4.  Conclusions 

The  carbon-coated  Li3V2(P04)3  cathode  material  has  been 
successfully  synthesized  by  a  PVP-assisted  sol-gel  method.  The 
suitable  carbon  nano-layer  on  Li3V2(P04)3  particles  suppressed 
the  particle  growth  and  enhanced  the  electronic  conductivity  of 
the  material,  resulting  in  its  excellent  high-rate  performance.  The 
sample  synthesized  with  9wt%  PVP  exhibits  excellent  rate  capa¬ 
bility.  At  the  rate  of  10  and  20  C  the  discharge  capacity  of  the 
material  is  115.1  and  81.8  mAh  g-1,  respectively.  This  sample  also 
exhibits  excellent  kinetics.  The  lithium  diffusion  coefficient  is  in 
the  order  of  10-8cm2s-1.  All  these  results  illustrate  that  such  a 
PVP-assisted  sol-gel  processed  Li3V2(P04)3/C  composite  can  be  a 
promising  cathode  material  for  high-powder  density  lithium-ion 
batteries. 
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